A novel planar zoom module (PZM) is presented in this article. The PZM is realized by integrating optical elements on its surfaces with the folding optical axis and performing the zoom function by transversal rotation or motion. Its application as a multimagnification beam expander is designed, analyzed, and demonstrated.
Introduction
Conventionally, a zoom lens performs the zoom function by adjusting its position along the optical axis (longitudinal direction); thus, it requires sufficient volume for the motion of the lens. Recently, a transverse zoom lens set has been designed, which reduced the volume by motion or rotation of the lens set along the direction normal to the optical axis. 1) However, because the transverse zoom lens requires several sets of discrete lenses, it is still not sufficiently compact. According to the planar integrated free-space optics, 2) we developed a novel planar zoom module (PZM) for efficiently reducing the volume of the optical zoom lens set as well as for micro-optics usage. Moreover, on the basis of PZM, we designed a beam expander with the advantages of multimagnification and compact volume.
In this article, we will describe the model of a PZM, followed by discussions on the theory, analyses, and the considerations in the fabrication of the multimagnification beam expander.
Model of Planar Zoom Module (PZM)
The characteristics of the planar integrated free-space optics lie in the folding optical axis and the free-space optical elements located on surfaces of the substrate. 2) According to this concept, the major optical elements of a PZM, such as lenses and mirrors, are designed on properly profiled and coated surfaces of the substrate. An illustration is shown in Fig. 1 , where the optical elements on a PZM are indicated as D 1 , D 2 , D 3 . . . etc. We design the input element D 1 and the output element D 4 as transparent elements for the transmission of light, while the other intermediate ones are reflective elements to realize the folding optical axis. As a result, the PZM can perform the functions of zoom and compensation by elaborately assembling optical elements together.
Consider a proper substrate adaptable to the light source. When the incident light passes through D 1 , it will be reflected by D 2 and other reflective elements along the optical path in turn. Then it will pass through D 4 and reaches the output plane. Assign the above sequence as the first configuration of the PZM, the effective focal length as f e1 , and the corresponding magnification as M 1 . Thereby, M 1 is the synergetic result of all elements along the optical path of the first configuration, as shown in Fig. 2(a) . By the transverse motion or rotation of a PZM, the configuration will be changed to the second, third. . . or other configurations, which are designed with different effective focal lengths f e2 , f e3 . . . and magnifications M 2 , M 3 . . ., as illustrated in Fig. 2(b) . Therefore, the PZM performs the function of zoom lens with discrete zooming.
Theory of Beam Expander
In this section, we will elucidate the application of PZM to a beam expander. Consider a collimated beam which is incident to a pair of mirrors, D a and D b , as shown in Fig. 3 . 
If an incident ray is with a height of y 0 and the incident slope of u 0 ¼ 0, the outcome should be:
where y 0 is the height of the exit ray and u 0 is the exit slope which is assumed to be 0. With the magnification m defined as the ratio of the height of the outcome to that of the incident ray, we obtain:
By substituting eqs. (3) and (4) into eqs. (1) and (2), design formulas can be derived:
Equations (5) and (6) show that the on-axis zooming, i.e., u 0 ¼ u 0 ¼ 0, can be realized by two confocal mirrors while magnification equalizes to the ratio of their focal lengths. By mapping this structure to a PZM, we design a beam expander illustrated in Fig , and D 7 , we apply eqs. (5) and (6) . Then, the magnifications of the first and second configurations, M 1 and M 2 , respectively, are
Moreover, since the paraboloid mirror for collimated beams has the inherent merits of not having chromatic aberrations 3) and spherical aberrations, 4) D 2 , D 3 , D 6 , and D 7 are designed as not only confocal but also paraboloid mirrors, so that a multimagnification beam expander modulated by rotation can be realized without chromatic or spherical aberrations.
Analysis of Beam Expander

Discussion on aberrations
Seidel aberrations, also called primary aberrations, affect the functions of the beam expander. Because of the folding optical axis, primary oblique aberrations such as coma, astigmatism and distortion must be carefully considered in a PZM. With appropriate compensation methods, 5) these aberrations can be eliminated or neglected. Our design is also an example. That is, because the slopes of the incident and the exit beams are zero, i.e., u 0 ¼ u 0 ¼ 0, there will be no oblique aberrations. Along with the merits of paraboloid mirrors, chromatic aberration-free and spherical aberrationfree for collimated beams, this multimagnification beam expander based on a PZM is, therefore, theoretically free from primary aberrations. It is noted that the designed beam expander can be applied to not only monochromatic beams but also white lights with extremely small aberrations.
Simulation results
According to the above discussion, we demonstrated the PZM as a multimagnification beam expander by simulation. (7)-(10), the focal lengths of the paraboloid mirrors can be calculated as f 2 ¼ À5 mm, f 3 ¼ 10 mm, f 6 ¼ À3 mm, and f 7 ¼ 12 mm. By arranging aperture stops with the radii of 2 mm at the centers of D 1 and D 5 , and aperture sizes with the radii of 10 mm for the other six elements, we simulated the system by OSLO. The ray tracing results are shown in Figs. 6 and 7 for the first and second configurations, respectively. As shown in Figs. 6 and 7, the diameters of output beams are twice and four times as large as that of the input, respectively. Consequently, the function of multimagnification is realized. In addition, under the paraxial simulation analysis, all the numerical values of aberrations are shown to be small.
Fabrication Considerations
Dimensions of elements
In our design of the beam expander, element size can be reduced by adequately matching with beam size. This approach can efficiently save fabrication time and reduce cost. Next, we will define the dimension of each element on the beam expander. Figure 8 shows the structure of the first configuration of the beam expander. D 1 and D 4 are flat and transparent elements, while the paraboloid mirrors D 2 and D 3 are spherical paraboloids with both focal points at the origin. Then, only the y-axis and z-axis should be taken into account. The shape function of D 2 can be written as:
where f 2 is the focal length of D 2 and has a negative value.
The shape function of D 3 is:
where f 3 is the focal length of D 3 and has a positive value. If the aperture stop lies in the primary mirror D 2 with the diameter S 2 , and the central height of D 2 is y 2 , then the depth of D 2 along the z direction, L 2 , can be derived by the shape function:
Because of the magnification M 1 , the diameter of D 3 , labelled as S 3 , should be
Moreover, the central height and the depth of D 3 , labelled as Ày 3 and L 3 in Fig. 8 , respectively, can be derived from the geometry and eqs. (7), (12) and (14):
Equations (13) and (16) show that the dimension of an element is dependent on its focal length, the magnification, and the diameter and central position of the primary paraboloid mirror. Likewise, one can decide the sizes of elements for other configurations. It can be concluded that the beam expander can be fabricated in both macro-and microschemes by appropriately scaling the diameter and central position of the primary paraboloid mirror.
Sorts of beam expander
According to the fabrication strategies, we may classify the beam expander into three types: the continuous-surface, the diffractive optical element (DOE), and the hybrid devices. The above discussions and simulations are based on the continuous-surface device, so that the paraboloid mirrors bring many advantages, particularly wavelength independence and high efficiency. Since the aspherical surfaces, paraboloid mirrors, are needed in our applications, we may use fabrication processes such as precision diamond turning or grinding to yield high-quality optical surfaces. However, a subsequent polishing process is required to remove the tool marks of these techniques. Thus, controlling the polishing process for better surface roughness becomes an important issue. 6) When massive fabrication is considered, glass molding is normally used, but it has a lower size limit of 1 mm for the diameter of the lens. 7) Thus, for the macro-optics at a diameter larger than 1 mm, current fabrication techniques are sufficiently developed.
A novel glass molding technique, named mold process lens (MPL), has been proposed for the fabrication of a miniatured aspherical lens with an effective diameter of 0.211 mm. 7) Recently, another technique called gray-scale mask lithography has been also a candidate for making the continuous-surface beam expander with its high potential of being compatible with the VLSI technology and one-time exposure.
8) Nevertheless, it may not yield the thick and smooth aspherical optics when the continuous-surface device has a too large depth.
Due to the planar structure of the planar zoom module, one can transform the designed surface profile to the profile of a DOE, such as a Fresnel lens. Such DOE devices can be fabricated by the planar integration technology such as the standard VLSI technology. Since the conventional DOE is quantized with multiple phase levels related to the specific wavelength, its noncontinuous surface profile will decrease output efficiency and the DOE will be wavelength-dependent. However, when applied to the laser beam expander, such DOE device could be an appropriate solution.
Another type of the hybrid device is the combination of the continuous-surface and the DOE types. As shown in Fig. 9 , a continuous-surface paraboloid profile can be transformed to a quasi-DOE with a period of several times that of the designed wavelength, so that only the inner part of each order keeps the shape of paraboloid and the thickness of the paraboloid mirror is reduced. Although this scheme is still wavelength-dependent, it gains higher output efficiency when compared with the conventional DOE device; it is also suitable for VLSI-compatible processes such as gray-scale mask lithography.
Using the above-mentioned methods, the designed beam expander and even the PZM can be fabricated from macro-to micro-optics with the advantages of low weight and small size.
Conclusions
We have presented a model of a planar zoom module (PZM), used it as a multi-magnification beam expander, and derived the design formulas for the beam expander. The analyses and simulation results show that it can be realized with a negligibly small amount of aberrations. The analyses of dimension of elements and fabrication schemes show that the beam expander can be fabricated with high reproducibility.
